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Background: Thioredoxins are ubiquitous proteins that
serve as reducing agents and general protein disulfide
reductases. The structures of thioredoxins from a number
of species, including man and Escherichia coli, are known.
Cyanobacteria, such as Anabaena, contain two thioredox-
ins that exhibit very different activities with target
enzymes and share little sequence similarity. Thio-
redoxin-2 (Trx-2) from Anabaena resembles chloroplast
type-f thioredoxin in its activities and the two proteins
may be evolutionarily related. We have undertaken struc-
tural studies of Trx-2 in order to gain insights into the
structure/function relationships of thioredoxins.
Results: Anabaena Trx-2, like E. coli thioredoxin, consists
of a five-stranded sheet core surrounded by four
ao helices. The active site includes a conserved disulfide
ring (in the sequence 3 1WCGPC35 ). An aspartate (E. col)
to tyrosine (Trx-2) substitution alters the position of this
disulfide ring relative to the central pleated sheet. How-
ever, loss of this conserved aspartate does not affect the
disulfide geometry. In the Trx-2 crystals, the N-terminal
residues make extensive contacts with a symmetry-related
molecule with hydrogen bonds to residues 74-76
mimicking thioredoxin-protein interactions.
Conclusions: The overall three-dimensional structure
of Trx-2 is similar to E. coli thioredoxin and other
related disulfide oxido-reductases. Single amino acid
substitutions around the protein interaction area probably
account for the unusual enzymatic activities of Trx-2 and
its ability to discriminate between substrate and non-
substrate peptides.
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Introduction
Thioredoxins are small disulfide-containing redox proteins
that have been isolated from a large number of organisms
[1,2]. The first was described in Escherichia coli in which
this exceptionally stable protein serves as an efficient
reducing agent for ribonucleotide reductase, an enzyme
which is essential for DNA synthesis [3]. Thioredoxin
serves as a general protein reductant and can regulate the
activity of other enzymes by reducing disulfides [4]. Even
though it occurs in most organisms, sometimes in several
isoforms, its principal functions often remain undefined.
The E. coli thioredoxin is a prime example. Originally
believed to be the reductant for ribonucleotide reductase,
it was later shown to play only a minor role in this system,
whereas glutaredoxin, another small redox protein,
appears to be the major reductant [5]. Thioredoxin and
glutaredoxin have similar tertiary structures, but different
redox potentials and reducing systems. Bacteriophage
T4 glutaredoxin/thioredoxin is an unusual example of a
single protein that combines these properties.
In contrast to E. coli and higher animals, multiple thiore-
doxins have been found in plants. The f-type thioredoxin
(Trx-f) is associated with chloroplasts and is an activator
of enzymes of the Calvin cycle, specifically fructose-1,6-
bisphosphatase (FBPase) and phosphoribulokinase [6,7].
The m-type thioredoxin (Trx-m), also associated with
chloroplasts, is a general protein reductase with some
preference for activation of NADP-dependent malate
dehydrogenase (MDH) [8].
The cyanobacterium, Anabaena sp. PCC 7120, contains
two different thioredoxins. One of these (thioredoxin-1)
is very similar to spinach chloroplast Trx-m and E. coli
thioredoxin in primary structure and activity. It serves as
an efficient reducing agent for Anabaena ribonucleotide
reductase. Low levels of an unusual thioredoxin, which is
distantly related to other thioredoxins, were also found.
In contrast to other thioredoxins, this protein (Trx-2)
can be reduced by glutathione and has some functional
similarity to spinach chloroplast Trx-f [9].
The primary structures of many thioredoxins are known.
These vary in length from 105-110 amino acids, and
show 27-69% sequence identity [10]. The active-site
sequence Trp-Cys-Gly-Pro-Cys is conserved among
most thioredoxins and a positively charged residue fol-
lows the second cysteine. The cyanobacterial thioredox-
ins, Anabaena Trx-1 and Anacystis nidulans R2
thioredoxin, are approximately 50% identical to E. coli
thioredoxin and 84% identical to each other, reflecting
their close phylogenetic relationship. In contrast,
Anabaena Trx-2 exhibits only 37% amino acid identity to
Trx-1. Although Trx-2 has reasonable sequence homol-
ogy with other thioredoxins, a closer look at the highly
conserved residues in these proteins shows Trx-2 to be
one of the most divergent. Twelve highly conserved
residues, out of a total of 38, are altered in Trx-2 includ-
ing residues such as the positively charged lysine or argi-
nine that follows the active-site disulfide and the buried
aspartate close to the active-site disulfide.
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The three-dimensional structure of oxidized E. coli
thioredoxin has been determined by X-ray diffraction
[11,12]. It is a highly structured molecule with 90% of its
residues involved in secondary structural elements. The
molecule has a central core of five strands of 13 sheet
enclosed by four a helices. The active-site disulfide is
located at the N terminus of a helix 2 in a short segment
which is separated from the rest of the helix by a kink
created by the presence of the conserved residue Pro40.
The 14-membered disulfide ring, consisting of residues
32-35, is located on the surface of the protein, but the
disulfide is located on the inside of the protrusion in a
shallow pocket. Cys32 is exposed to solvent, whereas
Cys35 is recessed and interacts with residues in other
parts of the molecule, such as Pro76. A flat hydrophobic
surface is located adjacent to the disulfide, which pre-
sumably facilitates interaction with other proteins [13].
NMR structures have been reported for human and
E. coli thioredoxins in both oxidized and reduced forms
[14-17]. The human protein resembles E. coli thio-
redoxin in overall tertiary structure and in the active-site
area. The secondary structure has been assigned, by
NMR, for the chloroplast thioredoxin from Chlamy-
domonas reinhardtii [18]. This thioredoxin is similar to
spinach Trx-m and its secondary structure closely resem-
bles that of the E. coli protein.
Thioredoxin belongs to a structural family that includes
glutaredoxin, glutathione peroxidase, bacterial protein
disulfide isomerase (DsbA) and the N-terminal domain
of glutathione transferase [19]. The secondary structural
elements of glutaredoxin described as a 13t1aa1pa motif,
(a four-stranded pleated sheet, with strand order b,a,c,d
and c antiparallel, plus three helices covering the sheet) is
common to all. The active site is at the N terminus of
the first of the helices in this motif. Thioredoxins have a
[oa unit preceding the common motif.
In this paper, we report the determination of the three-
dimensional structure of Anabaena Trx-2 at 1.7 A resolu-
tion. Because it is very different from the known
thioredoxins in several aspects, further analysis should
provide insight into structure/function relationships
among thioredoxins.
Results and discussion
Two crystal forms of Anabaena Trx-2
Anabaena Trx-2 crystallizes in two related orthorhombic
space groups, both P21 21 21 . The VM values of the
two crystal forms are 2.3 A3 Da- l and 2.0 A3 Da -l
corresponding to solvent contents of 47% and 39%,
respectively [20].
The overall structure of Anabaena Trx-2 is shown in
Figure 1. The thioredoxin structure has been refined in
both crystal forms (denoted Ana-A and Ana-B) using
data to high resolution, with good stereochemistry and
crystallographic R factors of 0.188 and 0.174 (Table 1).
There are no outliers in the Ramachandran plots of
either structure. The final electron density is well defined
(Fig. 2) except for residues 1 and 108 for which weak
densities are observed. The last two residues, AsnlO9 and
AsnllO, are flexible and no density is seen after the car-
bonyl oxygen of Asnl08 in any of the crystal forms. The
two C-terminal asparagines are unique to Anabaena
Trx-2 and probably lack functional significance.
Ile5 was refined in two alternative conformations with
both data sets, as were Leu41 for Ana-A and Ser89 for
Ana-B. A few other residues also appear to have more
than one conformation, but the alternatives are not
clearly defined and only one conformation has been
refined. Due to their flexibility, the most exposed ends of
some of the longer side chains have poor electron density.
Fig. 1. The three-dimensional structure of Anabaena Trx-2. (a) Schematic drawing showing the central pleated p sheet, with both paral-
lel and antiparallel strands, surrounded by a helices. The redox-active disulfide is located in a small cleft between the main body of the
molecule and a protrusion in the protein at the N terminus of the a2 helix. (Drawn with MOLSCRIPT [52].) (b) Stereo Ca backbone
trace of Anabaena thioredoxin.
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Table 1. Details of data collection and refinement statistics.
Crystal form
Data set*
Crystal size (mm)
Space group
Cell dimensions (A)
A
1
0.02 x0.03 x 1.2
P2 1 2121
a=38.1
b=40.1
c=70.6
No. of
measurements 30120
No. of indep.
reflections 4923
Resolution limits (A) 35-2.2
Completeness (%)
all data 84.7
highest shell 72.9 (2.
all data 7.5
highest shell 3.1
Rmerge t 0.091
Refinement
Resolution limits (A)
No. of
reflections
R factor
Rfree:
Average B factors (A2)§
main chain
side chain
protein, all atoms
water molecules
Stereochemistry
rmsd bonds (A)
rmsd angles (°)
rmsd dihedrals (°)
A B
2 3
0.2x0.2x0.15 0.04x0.1 x0.3
P2 12121 P2 12121
a=37.6 a=40.5
b=39.8 b=39.8
c=70.5 c=60.1
76970 34399
12153 10467
35-1.65 34-1.6
83.8 78.6
36-2.28) 48.2 (1.8-1.6) 49.5 (1.64-1.6)
6.6
4.4
0.053
13.9
2.5
0.035
7.0-1.65 7.0-1.6
11 747
0.188
0.240
19.4 (433)
24.6 (420)
22.0 (853)
37.5 (68)
0.012
1.61
23.6
10103
0.174
0.229
16.2 (433)
20.7 (418)
18.4 (851)
35.2 (74)
0.009
1.63
23.3
*Data set 1 was collected on a Hamlin detector and used for the
molecular replacement solution. Data sets 2 and 3 were collected on
an RAXIS detector and used for refinement. tRmerge= I -<I> I/ I I.
*Rfr calculated using 10% of the reflections in the test set. The
number of atoms is given in parentheses.
For both crystal forms, this is true for Lys2, Gln36,
Arg52, Lys68, Lys7l, Lys82, Lys96 and Lys98, and for
Ana-A also includes Lys69 and Glu84.
The two Anabaena Trx-2 structures are very similar; the
root mean square deviation (rmsd) between them, mea-
sured over all Cot atoms, is 0.33 A. The largest difference
is for the last helix, ao4, which is shifted by about 1.2 A
relative to the rest of the structure due to different pack-
ing interactions (Fig. 3a). The different positions of
PhelO2 in the two structures results in a different confor-
mation for Thr90, which is in contact with PhelO02. The
position of ao4 in Ana-B is similar to that in E. coli thiore-
doxin, so the conformation of this helix in Ana-A is
probably the one which is disturbed by packing interac-
tions. If or4, residues 1 and 2, and residues 17-20 are
excluded from the comparison, the rmsd between Ana-A
and Ana-B is only 0.16 A for all Cots, demonstrating that
all significant differences are located in the excluded
regions. The Cas of the two first residues are somewhat
different without affecting the crystal contacts.
The two crystal forms have similar and extensive contacts
in the direction of the b axis and this axis is the same
length in the two crystal forms. The contacts here are
made by N-terminal residues 2-6 to an area close to the
redox-active disulfide of a symmetry-related molecule
(Figs 2b,4). The carbonyl oxygen of Val4 and the amide
nitrogen of Thr6 form hydrogen bonds to the amide
nitrogen and carbonyl oxygen, respectively, of the sym-
metry-related Val75. This valine has a cis-peptide bond to
the conserved Pro76. The C3-C3 distance between Ile5
and the symmetry-related Cys32 (which is the more
exposed and reactive of the cysteines) is 5 A. Side chains
of Lys2 and Gly3 are in van der Waals contact with Trp31
in a symmetry-related molecule. A single rotation of 350
around the b axis, is required to superimpose Ana-A on
Ana-B. The shortening of the c axis caused by this rota-
tion, and translation of the layers stacked along the c axis,
are mostly dependent on the changed interactions of a4.
Structural comparison with E. coli thioredoxin
The overall structure of Anabaena Trx-2 is very similar to
the previously determined X-ray structure of E. coli
thioredoxin. All common Ct atoms of these thioredox-
ins can be superimposed by least-squares minimization
with an rmsd of 1.6 A. The largest differences occur at
the N terminus, at a loop around residues 19-22, at a
turn between 13 strands 4 and 5, and at residues 62-70
(Fig. 3b). The rmsd is reduced to 1.0 A if the two N-ter-
minal residues are excluded from the superimposition,
and to 0.82 A if only residues 22-60 and 74-106 are
compared (total of 73 residues). In the following compar-
isons, the two thioredoxins are aligned by the four
pleated-sheet strands [32-135, which form the conserved
core of the molecules.
The greatest difference between the Anabaena and E. coli
thioredoxins occurs in the positioning of the N-terminal
residues (Fig. 3b). Residues 1 and 2 occupy different loca-
tions: residue 1 is shifted by about 11 A. In Anabaena
Trx-2, residues 1 and 2 are in a more extended conforma-
tion than in E. coli thioredoxin in which Asp43 and Asp47
form salt bridges to the N terminus and Lys3, respectively.
Asn43 and Asn47 in the cyanobacterial thioredoxin are
close to each other, and also close to the main chain of
residues 2 and 4, and a hydrogen bond is found between
No2 of Asn47 and the carbonyl oxygen of residue 2.
These differences between the thioredoxins are probably
due to crystal contacts. The six N-terminal residues of
Trx-2 form extensive contacts with a crystallographically
related molecule, including van der Waals contacts
between Lys2 and Gly3 to the symmetry-related Trp31,
and the two main chain/main chain hydrogen bonds from
residues 4 and 6 to Val75. In the E. coli thioredoxin struc-
ture, the N-terminal residues are involved in the binding
of copper ions used in the crystallization.
When fully refined, the Ana-B structure contains 108
amino acids and 74 water molecules. The Ana-A struc-
ture includes 68 water molecules, of which 49 have
equivalent positions in Ana-B.
The differences seen between these two thioredoxins,
and for the same residues in mutant thioredoxins that
crystallize in other space groups ([21]; M Nikkola,
K Langsetmo, JA Fuchs and H Eklund, unpublished
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Fig. 2. Stereoviews of final 3Fo-2F elec-
tron-density maps contoured at the 1a
level. (a) Region around the turn with
cis-Pro76 (shown bottom left) stabilized
by hydrogen bonds between the side
chain of Arg79 to the carbonyl oxygens
of residues 70 and 78 and to the side
chain of Glu91. Water molecules are
not included in the model shown.
(b) The crystal contacts between active-
site residues with the protein modeled
in the density. The density of the N ter-
minus of the adjacent molecule is
shown to the right without the protein
model. (See also Fig. 4.)
data), indicate that the N terminus is flexible. Even in the
Ana-B crystals, the first two residues are found in two
very different orientations. In none of the structures is
the pleated sheet strand extended before residue 5, which
is hydrogen bonded to the main-chain nitrogen of
residue 55. The carbonyl oxygen of residue 3 is indirectly
hydrogen bonded (through a water molecule) to the
nitrogen of the same residue in both E. coli and Anabaena
thioredoxins. In the NMR structure of human thiore-
doxin, the first strand is still more extended than in
Anabaena thioredoxin, but with no more pleated sheet
hydrogen bonds [14]. The hydrogen bonded main-chain
interactions are similar in the Anabaena, human and
E. coli thioredoxins and the hydrogen-bond system in the
pleated sheet is identical.
The hydrogen-bond patterns in the helical regions are,
however, slightly different. Helix 4 is most similar,
being exactly the same in E. coli and Ana-B, even includ-
ing helix distortions at the end, whereas in Ana-A, oa4
has a regular helical conformation all the way to residue
108. The greater flexibility of residue 108 in Ana-A may
Fig. 3. (a) Ca drawing of Anabaena
thioredoxins with the two crystal forms
superimposed (Ana-B in black and
Ana-A in gray). The major differences
between the two proteins are for Serl,
the residues around Glu20, and the C-
terminal helix a4, which in Ana-A is
shifted relative to the rest of the structure
due to different crystal-packing interac-
tions. (b) Ca drawing of Anabaena and
E. coli thioredoxins superimposed (Ana-B
in black and E. coli in gray).
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Fig. 4. Crystal contacts are most extensive
between N-terminal residues 2-6 and
residues close to the redox-active disul-
fide of a symmetry-related molecule.
One thioredoxin molecule (blue back-
bone) is shown with the side chains of
the active-site residues Trp31, Cys32 and
Cys35 in green. Residues 1-8 from the
symmetry-related molecule are shown as
a peptide with side chains and main-
chain atoms. Below lle5 of the peptide,
the main-chain atoms of Val75 and
Pro76, which form two hydrogen bonds
to the peptide, are shown in atom
colours. The view presented here is
rotated by 140°, along the axis perpen-
dicular to the plane, relative to the view
shown in Figure 3b.
be explained by the distorted hydrogen-bonding pattern.
Helix al is identical in both Ana-A and Ana-B, but its N
terminus differs slightly from E. coli thioredoxin. In the
E. coli structure determination, there were two different
molecules in the asymmetric unit. The comparisons
described here have been made with molecule A: in
molecule B, oal is distorted.
The positions of residues 60-73 differ significantly
between Anabaena and E. coli thioredoxins. The differ-
ences have two distinct origins: changes in secondary
structure of residues 62-73, and residue substitutions in
the central hydrophobic core. In Anabaena Trx-2, there is
an ot helix between residues 63-72 in which only the last
hydrogen bonds in the helix. deviate from a standard
a helix. In E. coli, there is a 3 10 helix between residues
66-71. The formation of an ordered helix is hindered by
Pro68. This 310 helix is preceded by one turn of helix for
residues 59-63 in E. coli thioredoxin but by a regular
reverse turn between residues 60-63 in Anabaena thiore-
doxin. The more standard helix in Anabaena thioredoxin
leads to Co shifts relative to E. coli thioredoxin of more
than 2 A for residues 62, 64 and 65. Furthermore, in the
cyanobacterial thioredoxin, the smaller residue Val81
substitutes for the well-conserved phenylalanine found in
other thioredoxins. There are compensating changes in
the positions of Phel2 and Tyr70, which move by -3 A,
to occupy the space created by the loss of the ring carbon
atoms of Phe81 (Fig. 5). Phel2 is highly conserved
within the thioredoxin family, so clearly conservation of
sequence does not guarantee a conserved position. In
addition, substitution of Ile72 by valine in Trx-2 is com-
pensated for by a change in the position (and conforma-
tion) of a3. The core of the protein is as compact as that
of E. coli thioredoxin, and no cavity is generated by the
Phe81--Val substitution.
In thioredoxins, the active-site helix, a2 (residues 32-50),
is divided into two parts by the presence of an invariant
proline residue at position 40. In E. coli, the first part of
this helix (residues 32-39) has regular a-helical hydrogen
bonding, whereas in Anabaena thioredoxin, this part starts
with three 310-helical bonds. One reason for the differ-
ence may be that the substitution of the highly conserved
Asp26 by a tyrosine perturbs this region by forming a
hydrogen bond to the carbonyl of Cys35 (Fig. 6).
There are two additional significant differences in main-
chain conformation between Anabaena and E. coli thiore-
doxins. The turn 49-52 is a type II 13 turn in E. coli but a
type I turn in Anabaena thioredoxin in which it is also
strengthened by an additional hydrogen bond of a-heli-
cal character between residues 49 and 53. Turn 82-85 is
a type II' 3 turn, in contrast to a type I' turn in E. coli
thioredoxin. The central residues in this turn are
Asn-Gly in E. coli thioredoxin and Gly-Glu in Anabaena
Trx-2. Glycine at position 84 is conserved in most
thioredoxins, except for Trx-2 and spinach chloroplast
Fig. 5. Hydrophobic core packing. Anabaena Trx-2 (blue) and
E. coli thioredoxin (pink) structures are superimposed. Residues
Phel 2, Vall6, Tyr70 and residue 81 are shown in stick represen-
tation. The almost fully conserved Phe81 in E. coli thioredoxin is
substituted by valine in Trx-2. The view presented here is rotated
by 30° , around the axis perpendicular to the plane, relative to the
view shown in Figure 3b.
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Trx-f that have glutamate and asparagine respectively at
this position. Trx-2 and Trx-f may, therefore, have similar
turn conformations.
The active site
The sequence around the active-site disulfide is Trp-Cys-
Gly-Pro-Cys in most thioredoxins (Fig. 7). The
14-membered disulfide rings of Anabaena and E. coli
thioredoxins have the same conformation and very simi-
lar disulfide geometry in spite of the differences in main-
chain hydrogen bonding within this region. The torsion
angles for the Anabaena disulfide differ only by a couple
of degrees from those of E. coli thioredoxin, except for
X1 of Cys35 which differs by about 10° . The most
remarkable difference between the active-site regions is
that the highly conserved Asp26, which is almost buried
in E. coli thioredoxin, is replaced by tyrosine in Anabaena
Trx-2. This buried residue in E. coli thioredoxin was
originally suggested to contact a lysine in an interacting
reductase [11]. This aspartate has since been the subject
of a number of studies aimed at defining its role in
thioredoxin stability and functioning. For example, the
Michaelis constant is an order of magnitude higher for
the Asp26--Ala mutant than for the wild-type protein in
the thioredoxin reductase assay [22], indicating a severe
loss of enzymatic activity. The larger tyrosine side chain
of Trx-2 occupies more space at the backside of the
disulfide, and causes shifts in the peptide backbone of
residues 27-41 and surrounding side chains. Conse-
quently, the residues involved in the disulfide bridge
move further away from the side chain of residue 26, and
0-4 ,
o10 2o 3o o o 60 70 80o 90 100oo
Residue number
Fig. 6. Differences between Anabaena
and E. coli thioredoxins around residue
26. Residues 24-41 and 56-60 are
shown. The highly conserved Asp26 is a
tyrosine in Anabaena thioredoxin.
Water molecules are drawn as red
spheres. The water structure of
Anabaena thioredoxin is connected
with hydrogen bonds while the hydro-
gen bonding of the two water molecules
in E. coli is not shown.
Trp31, at the tip of the active-site protrusion, shifts posi-
tion by 1.5 A relative to E. coli thioredoxin. These small
differences may affect Trx-2-protein interactions.
In the crystal structure of E. coli thioredoxin and the
NMR structure of human thioredoxin [10,14,16], there
are two water molecules associated with the carboxylate
of Asp26. In the Anabaena thioredoxin, both water mol-
ecules have moved closer to the surface (Fig. 6). The
tyrosine hydroxyl is within hydrogen-bonding distance of
the more buried of the two water molecules. Lys57,
which is in water-mediated contact with Asp26 in E. coli
thioredoxin, makes a hydrogen bond to Ser39 in
Anabaena Trx-2 (usually an alanine in other thioredoxins).
Most of the residues conserved in the 39 known thiore-
doxin sequences are located around the active site (Fig. 7).
Clusters of hydrophobic residues are found in the region
around the redox-active disulfide in Anabaena Trx-2
(Fig. 8). Residues in the central part constitute the sug-
gested thioredoxin-protein interaction area [13]. The
upper-right part runs along ot2 from the disulfide, and
includes Leu37, Leu41, Leu44 and Met38. Leu44 and
Thr48 replace glutamate residues in E. coli thioredoxin and
extend the hydrophobic ridge in Trx-2. In the lower-left
part of the figure, the hydrophobic area below the peptide
is bordered by a3 and residues Lys68, Lys71 and Glu73.
Most thioredoxins have a positively charged residue at
position 36, immediately following the active-site disul-
fide. Anabaena Trx-2 is unique in having a neutral
Fig. 7. Conserved thioredoxin residues.
The degree of residue conservation in
39 aligned thioredoxin sequences.
Upper-case letters identify the most
conserved residues, and lower-case let-
ters indicate the residues that are not
conserved in Anabaena thioredoxin.
1 _
I
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between the two proteins. In fact, if anything, Anabaena
thioredoxin has more secondary structure than the E. coli
protein, with a regular a helix (3) taking the place of a
short 310 helix in E. coli. Other changes in the structure,
such as substitutions in the hydrophobic core (Fig. 5),
may influence stability.
Fig. 8. Thioredoxin-protein interaction area. A CPK representa-
tion of Anabaena thioredoxin highlighting the region around the
redox-active disulfide (cysteines in green). Clusters of hydropho-
bic residues are colored gray, positively charged residues blue,
negatively charged residues red and polar residues pink.
Residues 1-8 of the symmetry-related molecule are shown in
stick representation (running from left to right). The view is
rotated by 50° along the horizontal axis compared with
Figure 4. (Figure drawn using Raster3D [53,54].)
glutamine at this position. A slight shift in the orientation
of the Gln36 side chain, coupled with a Ca shift of 1 A,
leaves space for two additional water molecules on the
backside of the disulfide bridge. The first is hydrogen
bonded to the carbonyl oxygens of residues 29 and 32.
The equivalent position in E. coli thioredoxin is occupied
by the Nt of Lys36. The second extra water lies between
the first one and the water bound to the hydroxyl of
Tyr26 (Fig. 6). It was originally proposed that a positive
charge at position 36 was required to stabilize the thiolate
anion on Cys32. This sulfhydryl group was shown to
have an unusually low pKa of approximately 7 [23].
However, mutation of Lys36 to glutamate had little effect
on reducing activity [22]. Presumably, the thiolate is sta-
bilized by the charge of the helix dipole irrespective of
the residue at position 36. In E. coli thioredoxin, Lys36
serves to optimize the interaction with its own thio-
redoxin reductase [24]. Anabaena Trx-2 does not interact
at all with the heterologous reductase, although it is a
good reducing agent at physiological pH [9].
Stability
Anabaena and E. coli thioredoxins exhibit very different
stabilities in spite of their similar structures. Using second
derivative UV spectroscopy to monitor unfolding in
guanidine hydrochloride at pH 7.0, it was found that
both oxidized E. coli thioredoxin and Anabaena Trx-1 had
a midpoint at approximately 2.4 M denaturant. Under
identical conditions, the midpoint for Anabaena Trx-2 is
0.9 M guanidine hydrochloride, which corresponds to a
decrease in stability of approximately 2 kcal mol-1
(R Harris and FK Gleason, unpublished data). The rea-
son for the differences in stability cannot be the amount
of secondary structure, because this is very similar
Part of this loss of stability may be due to the
Asp26---Tyr substitution. The Asp26-Ala mutant of
E. coli thioredoxin is more stable than the wild-type pro-
tein by up to 4.6 kcal moP 1- at pH 8.5 [25], a pH at
which the aspartate will be fully deprotonated, but noth-
ing is known about how a larger residue at this position
would affect the stability. Apparently, the tyrosine at posi-
tion 26 forces changes around the active-site a helix.
Small changes in hydrogen bonding in the first half of
this helix may contribute to the lowered stability of
Anabaena Trx-2 compared with E. coli thioredoxin.
Another substitution that can destabilize Trx-2 is
Thr77-+Ala. Unlike Thr77 in E. coli and human thiore-
doxins and Gln67 in T4 glutaredoxin, Ala77 cannot
make a hydrogen bond to the main chain immediately
before the cis-proline. This hydrogen bond has been pro-
posed to stabilize the turn containing the cis-proline
[10,12,26]. Anabaena Trx-2 is one of the few members of
this protein family that lacks either a threonine or a glut-
amine at this position. There is, however, another major
change to the thioredoxin consensus sequence, in this
same region: Val91 has been replaced by glutamate.
Glu91 has a charged interaction with a half-buried Arg79
(Fig. 2a), whereas other thioredoxins generally have more
hydrophobic residues at positions 79 and 91. Arg79
makes a number of hydrogen bonds to main-chain car-
bonyls and water molecules and can be considered a
structural arginine as defined by Borders et al. [27]. The
numerous interactions of Arg79 stabilize the region
around the cis-proline, but whether they compensate for
the lost hydrogen bond of Thr77 is hard to judge with-
out additional experimental evidence.
The high mobility of the two C-terminal residues may
decrease the stability of the last helix and the whole
protein. The residues are not visible in our electron-
density maps, and are likely to be flexible, even in solu-
tion. A mutant of T4 glutaredoxin/thioredoxin having
four extra residues beyond the C-terminal a helix (as a
result of a frame shift destroying the wild-type stop
codon) was shown to be less stable than the wild-type
protein in solution [28].
Substrate-binding site
In addition to the active site (residues 31-36), two
extended chains containing mainly hydrophobic side
chains (residues 74-76 and 92-94) are important for
interactions with other proteins [13]. One invariant fea-
ture of all thioredoxins is a cis-proline at position 76,
located in a loop preceding 3 strand 4. This residue is
positioned in van der Waals contact with the active-site
cysteines (Fig. 2b) and is important both for stability and
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function. A similar configuration is found in other mem-
bers of the glutaredoxin/thioredoxin superfamily such as
glutaredoxin, DsbA and glutathione transferase [19]. In
the analysis of bacteriophage T4 glutaredoxin/thiore-
doxin, it was suggested that the cis-proline participates in
binding of glutathione at the active site and favorably
positions the thiol of the glutathione peptide for the thiol
exchange reaction [29]. The glutathione peptide is
hydrogen bonded, in an antiparallel orientation, to the
cis-proline and the preceding residue. A stable complex
of this type has been observed between a mutated E. coli
glutaredoxin and glutathione, and an NMR structural
study has verified the proposed hypothesis [30].
This binding mode has also been established in other
glutathione-binding proteins [31].
Extensive protein-protein interactions are observed
around the equivalent cis-peptide residues in the
Anabaena Trx-2 crystals. These crystal contacts involve a
major part of the proposed protein interaction area, and
include two hydrogen bonds in a parallel mode between
the symmetry-related N-terminal residues and the main
chain of residue 75 before the conserved cis-Pro76. Many
of the proteins that interact with thioredoxin may also
bind in a parallel manner to residues 74-76, placing the
reactive cysteines in close proximity for reduction of the
substrate. The situation is reminiscent of peptide binding
to SH3 domains, for which two peptide orientations
have been observed (see [32]). A two-dimensional view
of this area illustrates the possible interactions for a paral-
lel binding mode (Fig. 9). In the complex between
human thioredoxin and its target peptide from the tran-
scription factor NFKB, the peptide binds parallel to
residues 71-75 with main chain/main chain hydrogen
bonds to N74 and 074 [33], equivalent to those
observed by us in the Trx-2 crystals.
Relationship to chloroplast thioredoxins
Of all the known thioredoxins, Trx-2 resembles the
f-type chloroplast thioredoxin most closely in enzymatic
activities. Both are efficient activators of spinach chloro-
plast FBPase. This FBPase shows approximately 40%
sequence identity to various gluconeogenic FBPases, but
has a unique 16-residue insert in the middle of the mol-
ecule that contains two cysteines separated by four
residues, which are presumed to form a disulfide. Mol-
ecular modeling suggests that the disulfide will occur on
the surface of the molecule [34]. If the model is correct,
any thioredoxin should be able to reduce this enzyme;
various kinetic studies have shown that spinach Trx-m,
E. coli thioredoxin and Anabaena Trx-1 reduce spinach
FBPase only at very high concentrations [9]. The facility
with which Trx-f and Trx-2 reduce this enzyme suggests
that they share some common feature(s) that differ from
the other proteins.
Residues lining the protein interaction area in thioredox-
ins and their proposed interaction with some target pep-
tides are outlined schematically in Figure 9. The peptides
containing the redox-regulated disulfides from FBPase
Fig. 9. Thioredoxin-protein interactions. A two-dimensional view
of the protein interaction area demonstrates the possible interac-
tions if the target peptide binds in a parallel orientation.
In (a), the peptide is shown as found in our crystals. Residues
from Trx-f (top row) and Trx-2 (bottom row) likely to interact with
the peptide at positions 1, 3, 4 and 6 are listed. (b) Alignment of
the target peptides from fructose-1,6-bisphosphatase (FBPase)
and NADP-dependent malate dehydrogenase (MDH) carrying
the regulatory disulfides. For MDH, the C-terminal cysteine
residues in C-I and C-2 are separated by several residues.
(c) FBPase specificity can be achieved by charged interactions
with Trx-f and Trx-2. (d) Lys68 in Trx-f and Trx-2 repels Lys3 in
both N-terminal and C-terminal peptides of MDH (in 'contact'
with residue 3 in both peptides, and with residue 4 only in the
C-terminal peptide).
and MDH [35,36] were aligned so that the target cys-
teines are at position 5. The modeled target peptides can
all form two hydrogen bonds to the main chain at thiore-
doxin residue 75. In each case, the target cysteine to be
reduced is positioned suitably for reduction, and residues
on the N-terminal side of it can favor the correct inter-
action or discriminate against the incorrect one. With
the observed crystal contacts as a starting point, the bind-
ing that gives the most reasonable pattern of interactions
is when the polypeptide is modeled in parallel to Trx-2 at
residue 75. Whereas residue 1 of the peptide appears to
confer specificity on Trx-f and Trx-2 for FBPase, the
(a)
Lys64
Pro64
Lys68 Arg73 - Glu91
Lys68 Glu73 Glu89
(b) 1 5 10 14
FBPase EEQRCVVNYCGPGD
MDH N-term. TRKDCFQVFCTTYD
C-1 AEKKCVA...
C-2 .. AYCDVPE
I(c)
FBPase
Trx-f Lys64 Lys68 Arg73
Trx-2 Pro64 Lys68 Glu73
(d) 1 21 3 4 1
5 7
F
MDH N T R K D
MDH C-1 A E K K
Trx-f Lys64 Lys68 Arg73
Trx-2 Pro64 Lys68 Glu73
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presence of Lys68 in Trx-f and Trx-2 repels Lys3 in both
N-terminal and C-terminal peptides of MDH (see Fig.
9d). Furthermore, Glu73 of Trx-2 can interact with argi-
nine at position 4 of FBPase, but repels aspartate in the
corresponding position of the MDH N-terminal peptide.
With some flexibility, the target peptide residues 1, 2 and
3 can all be 'pointing' down in Figure 9c and enhance
the specificity of Trx-f and Trx-2 towards FBPase by cre-
ating more charged interactions. According to this
model, there would be an unfavorable interaction
between Arg73 of Trx-f and and arginine at position 4 in
the FBPase peptide. However, in the three-dimensional
model, the distance between the C atoms of these
arginines is such that the two positive charges are easily
dislocated, thereby avoiding charge repulsion. Trx-2,
which has a glutamate (Glu73) at this position, interacts
productively with the peptide.
Evolution of thioredoxins
Although only a small number of species have been
investigated, it seems that oxygen-evolving photosyn-
thetic organisms have at least two thioredoxins. An
ancient cyanobacterium is the most likely ancestor of the
chloroplast in eukaryotes, probably resulting from one or
more endosymbiotic events [37]. Thus, the cyanobacter-
ial type-1 thioredoxin is the probable precursor of the
chloroplast m-type thioredoxin with a subsequent trans-
fer of the gene to the nucleus. This scenario is supported
by the recent discovery of a gene for Trx-m in the
chloroplast of the red alga Porphyra yezoensis [38]. It was
previously proposed that Trx-f arose from a duplication
of the gene for the more common (m-type) thioredoxin,
with subsequent mutations for specialized protein redox
functions [39]. If so, this duplication must have occurred
several times during evolution. Although Anabaena Trx-2
has functional properties in common with spinach
chloroplast Trx-f, these two thioredoxins share little
sequence homology. The same is true of a second thiore-
doxin in C. reinhardtii [40]. As demonstrated here, Trx-2
retains the basic thioredoxin tertiary structure. The same
is probably true for Trx-f and other thioredoxin-like pro-
teins, such as the DsbA protein, which facilitates mem-
brane transport in E. coli [41]. We can conclude that the
basic thioredoxin structure is necessary for protein redox
function but it is the subtle changes in residues and
conformation that facilitate species-specific protein-
thioredoxin interactions.
Biological implications
Thioredoxins are redox active thiol proteins that
can regulate the activity of cellular processes by,
for example, activation or repression of enzymes
of carbon metabolism in photosynthetic organ-
isms. The structures of Escherichia coli and human
thioredoxins have been reported. We have now
determined the first three-dimensional structure
of a thioredoxin from a photosynthetic organism,
the cyanobacterium, Anabaena. As in other photo-
synthetic organisms, Anabaena contains two
thioredoxins (Trx-1 and Trx-2) with quite differ-
ent redox activities. For example, unlike Trx-1,
Trx-2 will activate spinach chloroplast fructose
bisphosphatase and can be reduced by glutathione.
In Trx-2 from Anabaena, several highly conserved
residues are substituted with non-conservative
residues. Nevertheless, the overall structure is very
similar to the E. coli and human thioredoxins.
There are, however, some important differences.
In the Anabaena thioredoxin structure, a hydro-
phobic interaction area close to the active site
cysteines is exposed. This area is composed of the
active-site disulfide ring (residues 31-36), a struc-
turally variable region comprising residues 62-65,
residues 74 and 75, which precede the conserved
cis-proline, and a loop region between residues
91-95. This hydrophobic area is larger for
Anabaena Trx-2 than for other known thio-
redoxins. In the two crystal forms of Anabaena
Trx-2 studied here, the N terminus of a neighbor-
ing molecule binds in a parallel orientation and
forms hydrogen bonds to the residues preceding
the conserved cis-proline. This is similar to the
complex between human thioredoxin and its tar-
get peptide from the transcription factor NFKB in
which the peptide binds parallel to residues 71-75,
with main chain/main chain hydrogen bonds
equivalent to those observed here. We have used
these observations to construct a model of Trx-2
interactions with target enzymes. These interac-
tions differ from those observed in the related
glutathione-binding thiol proteins such as gluta-
redoxin and glutathione transferase. In those
proteins, binding of glutathione occurs in an
antiparallel orientation. Other interacting proteins
may bind in parallel to thioredoxin as seen here
and thus our model may provide a general mecha-
nism for determining the specificities of thio-
redoxin redox activities.
Materials and methods
Isolation of thioredoxin
Thioredoxin from Anabaena sp. strain PCC7120 (Trx-2) was
purified from an E. coli strain containing the plasmid-encoded
protein [42] by a modification of the method reported previ-
ously [9]. The crude extract was not heat-treated because the
cyanobacterial Trx-2 was found to be somewhat less stable
than the more common Trx-1. All buffers contained 0.1 mM
dithiothreitol (DTT) to keep the protein in the dithiol form.
This ensured that the protein bound to ion-exchange
columns (DEAE Sephacryl and Mono Q) and eluted as a
single peak with NaCl.
Crystallization procedure
Anabaena Trx-2 was crystallized using the vapor-diffusion
method, either in sitting or hanging drops. Equal amounts of
protein and reservoir solutions were mixed and equilibrated
against 1 ml of reservoir solution in Costar cell culture plates,
or with 1-10 ml, in Nunclon Petri dishes. All crystallization
experiments were performed at 20 0C. Protein concentrations
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were around 10 mg ml-1. The best crystals were obtained with
reservoir solutions containing 20-25% (w/w) polyethylene
glycol (PEG) 1450 or PEG-mono methyl ether 2000 in
100 mM of 2-[N-morpholino]ethane sulfonic acid (MES)
buffer, pH 6.0. Data sets 2 and 3 were collected on crystals
grown in the same Petri dish in equilibrium with a 22.5% PEG
solution. The drop sizes were 3+3 p1 and 6+6 pl of protein
and PEG, respectively. In the case of the crystal used for data
set 3, the protein was initially mixed with 22.5% PEG 1450
and the crystal grew rapidly. Slower growth was obtained for
the crystal used for data set 2 by mixing the protein with 10%
PEG solution.
We were unable to crystallize reduced thioredoxin. Attempts
to reduce the crystallized protein with up to 200 p.M DTT
were not successful. The disulfide bond is not readily accessible
due to crystal packing.
Data collection and space group determination
In each case the space group and the cell dimensions were
determined from still images on Raxis-II. The presence of the
twofold screw axes was evident after inspection of the system-
atic absences of reflection intensities.
Crystal properties and data collection are summarized in Table
1. Rigaku rotating anodes were used as X-ray sources. The first
data set at 2.5 A resolution was recorded on a UCSD multi-
wire area detector [43] on a needle-like crystal. This data set
consisted of seven different orientations of 600 each, and was
collected in 0.10 oscillation frames with the exposure time of
90 s per frame. The raw data were converted to CCP4 format
using an in-house version of ROTAPREP ([44] and J Uppen-
berg, unpublished program). Programs ROTAVATA and
AGROVATA of the CCP4 package [44] were used for data
reduction and scaling of data set 1. Six out of 150 batches were
removed because of high merging R values.
Data from two different bigger crystals were collected on an
Raxis-II image plate detector, in 2.50 oscillation images with
60 or 90 min exposure times. The first image plate data set was
processed with the MSC software [45], and gave data to the
limits of the data collection geometry. A third data set was
therefore collected with a higher detector angle, using the same
crystal-to-detector distance. This third data set contained dif-
fraction spots to even higher resolution, and was collected in
order to increase the completeness in the highest resolution
shells. It was established later that this crystal had different unit
cell parameters from the previous ones.
In the refinement of the Ana-B structure (the third crystal),
we used data processed and reduced with DENZO [46] and
programs from the CCP4 suite [44], because this procedure
gave slightly better data-processing statistics. However, it
made no difference to map quality or refinement statistics
(when tested at 'medium' or final stages of refinement)
whichever data set (processed with DENZO/CCP4 or with
MSC software) was used.
Structure solution and molecular replacement
The refined coordinates of E. coli thioredoxin molecule A [12]
served as a template for a model of Trx-2. The full model was
built using the program O [47], and energy-minimized in
X-PLOR [48]. In a second model (semi-alanine model), most
of the surface residues were 'stripped off', keeping the core of
the protein as in the full model. The third model was a
polyalanine chain.
A rotation search with the three models was performed in
X-PLOR using data between 15 A and 3 A in data set 1. One
of the rotation function peaks was higher than the others and
common to all models. The rotated coordinates of a polyala-
nine model gave a clear solution in a translation search result-
ing in contacts, but no clashes, between symmetry-related
molecules. After rigid-body minimization, a polyalanine model
was subjected to a simulated-annealing slow-cool procedure in
X-PLOR. Electron-density maps calculated from the resulting
model clearly indicated that most of the main chain was posi-
tioned correctly. Approximately half of the residues also had
reasonable density for the side chains in 2Fo-Fc maps. After
four rounds of model building followed by simulated anneal-
ing, the model was complete, except for the last two residues
for which no electron density was visible.
Crystal 3 has different cell dimensions with tighter packing.
The position of the molecules in the cell was found from rota-
tion and translation searches with data set 3. By using an almost
fully refined structure of Anabaena thioredoxin from the first
crystal form without waters, and all data between 10 A and
1.5 A, clear solutions were obtained in both searches,
Structure refinement
The structure was initially refined with conjugant-gradient
minimization in X-PLOR followed by manual rebuilding in
O. After three such cycles using data set 1 (10-2.5 A) the
model had an R factor of 0.230, and contained residues 1-108.
Several solvent molecules were visible in the electron-density
maps. At this point, the image plate data (data set 2) were col-
lected, and further refinement was performed using the data
between 10 A and 1.65 A. From this point, individual B-factor
refinement was performed after positional refinement before
map calculation and manual rebuilding.
The rotated and translated coordinates of the molecule in crys-
tal form B were subjected to rigid-body minimization and sim-
ulated annealing. After positional and individual B-factor
refinement a model containing all protein atoms (residues
1-108) had an R factor of 0.230. The Ana-B structure was
refined as described above.
Simulated annealing (X-PLOR) and omit maps were used to
resolve the ambiguities about the position of N- and C-termi-
nal residues, and about the main-chain conformation around
residues 20 and 21.
Water molecules were added independently for the two crystal
forms at positions where there was clear electron density in
both Fo-F c and 2Fo-F c maps (peaks >3.5a in Fo-F c maps), and
if a otential hydrogen bond donor or acceptor was within
3.5 A. In the Ana-A structure, 68 water molecules have been
added (7 with B factors >50 A2), and in Ana-B, 74 waters have
been included (11 with B factors >50 A2).
For several residues, in both structures, the maps (2Fo-F,
3Fo-2Fc and F-Fc) indicated that alternative side-chain con-
formations were present in the crystals. The most obvious of
these were refined in two alternative conformations, these
include Ile5 for both models, Leu41 for Ana-A, and Ser89 for
Ana-B. In the Ana-B structure, residues Serl and Lys2 could
be built in two alternative orientations rotated through 1800
about the Co-C bond of Lys2. Both orientations give good
electron-density maps for most of the atoms and positive den-
sity in the difference Fourier map indicates that the other ori-
entation is also present in the crystal. The predominant
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orientation is not the same as the one in the Ana-A structure in
which it was better defined. Many of the longer side chains of
the residues lysine, arginine, glutamate and glutamine are flexi-
ble in both Anabaena Trx-2 structures. These were positioned
so as not to produce negative densities in Fo-FC maps.
Generally, the Ana-B structure is better defined (better maps,
lower Rfree, lower B factors) and only the coordinates for this
crystal form have been deposited in the Brookhaven Protein
Data Bank (accession number lthx). The Ana-B crystal has
tighter packing, and the overall higher mobility in the Ana-A
crystal could reflect a more 'natural' state of the protein in
these crystals.
The parameter file used in the refinement was PARCHXPRO
[49], and throughout the refinement the weight calculated
from the Check option in X-PLOR was used as the X-ray
energy term. Cross validation of the progress of refinement was
monitored according to Briinger [50].
During the structure solution and refinement, MAPMAN,
DATAMAN, MOLEMAN (G Kleywegt, unpublished pro-
grams) were used to handle data and coordinates. Analysis of
the geometry of the model was performed with PROCHECK
[51] and X-PLOR.
Sequence alignments and structure comparisons
New thioredoxin sequences in the sequence data base (Gene-
EMBL, February 1994 release), were manually aligned to those
reported by Eklund et al. [10]. All hypothetical and potential
thioredoxins, as well as all thioredoxin-like domains, were
excluded. A total of 39 sequences were aligned. Based on the
frequencies of the amino acids at a particular location, a con-
sensus sequence was constructed. On the basis of this consensus
sequence, the degree of conservation and variability of the
thioredoxins was calculated with the program SOD (G Kley-
wegt, unpublished program) and plotted in Figure 7.
For the structural comparison, coordinates of thioredoxin from
E. coli [12], human [16] and glutaredoxin/thioredoxin from
phage T4 [26] were superimposed on Trx-2 with the least-
squares method implemented in the program O.
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